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Executive Sumnarv

In 1986 Harza Engineering Conpany received a U.S. patent for a process that

renoves toxic heavy metals from wastewaters. That year this process was
applied in a pilot plant study to the drainage water of the Panoche
Drainage District and the results were promising, with over 90% removal of

selenium.

This study was undertaken to determine the mechanism by which selenium is

removed and the species formed on the iron surface to effect this removal.
The process involves passing the wastewater through an activated bed of

iron filings at a controlled rate.

The investigators believe, to the best of their ability to determine, chat

selenium is removed by chemical adsorbtion on iron oxyhydroxide surfaces at

an orange-brown layer of iron filings where the drainage water enters the

column. Prior to the formation of the oxyhydroxide layer, selenium can be
removed throughout the iron filing bed by physical adsorbtion.

Several analytical techniques to determine the surface species on the iron
filings were unsuccessful. These techniques included Diffuse Reflectance -

and Cylindrical Internal Reflectance - Fourier Transform Infrared
spectroscopy and Raman spectroscopy.
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Introduction

Since the selenium concentrations in the agricultural drainage waters of

California's Central Valley were first discovered to have toxic effects on

both fish and waterfowl in 1982, the search for solutions to this problea

has been the focus of attention for a number of Federal, State, and local

agencies. Concurrent with the discovery of this problem, Harza Engineering
Company was developing a new and unique process for the removal of toxic

heavy netals from wastewaters. This process was awarded a U.S. patent

(Patent No. 4,565,633) in January of 1986 and involves passing the drainage
water through an activated bed of iron filings at a controlled rate.

The Harza process was applied to the problem of selenium removal for the

Panoche Drainage District in a pilot plant study in 1986. The purpose of

that study was, first, to determine the applicability of the Harza process

to selenium removal and, second, to quantify its essential parametes. The

pilot study showed promising results. With a contact time of 6 hours, over

90 percent removal rates were achieved. Both the selenate and selenite

species of selenium were removed effectively.

In spite of its successes, however, the pilot study was not without areas

which required further study before large-scale applications can

effectively be pursued, VHiile the positive results of the Harza process

are well documented, the fundamental principles by which it operates needed

verification.

This study was undertaken primarily to determine the mechanism by which

selenium is removed from the water and what species are formed on the iron

surface to effect this removal. Also it was intended to try to explain why

iron filings agglomerate after prolonged usage of the bed. The

investigations were conducted under the direction of Dr. Ashok Lagvankar of

Harza Environmental Services, Inc.

The laboratory experiments to answer these questions were led by Dr. Marc

A. Anderson (principal investigator) under subcontract to Harza

Environmental Services, Inc. The laboratory facilities and assistance were

provided by the University of Wisconsin at Madison. Dr. Edwin U. Lee was

the Contracting Officer's Technical Representative, providing guidance and

assistance during conduct of the study.

Study Conclusions

The investigators believe, to the best of their ability to determine, that

selenium is removed on iron oxyhydroxide surfaces at an orange-brown layer

of iron filings where the drainage water enters the column. Prior to the

formation of this iron oxyhydroxide layer in the colunn, selenate can be

removed throughout the column by physical adsorption. After the

oxyhydroxide layer is formed as a result of aeration and hydration.
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selenate removal is chemical in nature. Chemical adsorption at the first
orange-brown layer completely dominates the column so that the rest of the
column is flushed with water with very little selenium. This causes
desorption to occur above the orange-brown layer in the column, when water
is passed from the bottom to the top of the column.

Several analytical techniques used to determine the surface species in the
iron filings were unsuccessful. Diffuse reflectance - Fourier Transform
Infrared (DR-FTIR) spectroscopy is not an "in situ" technique and was tried
unsuccessfully on the iron filings. Cylindrical Internal Reflectance -

Fourier Transform Infrared (CIR-FTIR) spectroscopy was considererd as a

means to determine surface species on the iron filing in suspension; but
the iron filings proved to be too large and dense to be used directly with
the laboratory's sample cells. The particles settled out of suspension
long before a useful spectrum could be obtained. Centrifugation of the

samples resulted in a supernatant with enough fine particles that CIR-FTIR
spectra could be acquired after further concentration; but CIR-FTIR
crystals made from ZnSe cannot detect the region of interest for magnetite.

X-Ray diffraction could not be used because of the iron filing size (too

big for the technique) and its inability to distinguish between maghemite
and magnetite (both mixed Fe /Fe oxides).

Electron spectroscopy for chemical analysis cannot be used to directly
determine the mineralogical form on the iron surface.

Raman spectrosocpy was unsuccessful in determining any difference between
iron filing samples with and without selenium.

Laboratorv Tests and Results

Laboratory tests were conducted at the University of Wisconsin, Madison

under the direction of Dr. Marc Anderson. The initial tests were column
studies, starting in October of 1987 and continuing, intermittently until
September 1988 when several batch studies were undertaken.

Drainage water for some of these tests was obtained from the Panoche Water
and Drainage District, California. This drainage water was treated with
chlorine bleach to retard biological activity and the loss of selenium
during transportation.

Column Studies

Column studies were undertaken to represent the process patented by Harza
Engineering Company. As shown in Figure 1, plastic coluians were vertically
aligned to hold the iron filings. Influent water was pumped into the

bottom of the column and out the top at a controlled rate.
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Rubber Stopper

Variable Flow,

Persistaitic Pump

Figure 1 : LABORATORY SET UP OF COLUMN STUDY
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Each plastic column was approximately one foot long and three inches in

diameter. The top and bottom were sealed by a rubber stopper through wnich

a tube was placed to allow water flow. A layer of glass wool was placed at

the bottom of each column to prevent particles from falling out of the

column. This glass wool was covered by a two inch layer of clean sand to

support the iron filings. After a six inch layer of iron filings was

poured onto the sand, the column was ready for use. A variable flow,

peristaltic pump forced influent water, stored in a glass carboy, up

through the column and into another glass carboy which received the

effluent. Six columns were available so that six different influents could
be studied at one time.

Selected influent and effluent samples were analyzed using inductively
coupled plasma (TCP) to obtain concentrations of several elements in the

samples. The important chemical species in the Panoche drainage waters
were determined because competitive adsorption raight affect the removal of

selenium. The columns were reasonably transparent and visual observations
could be made at any time. In one case, solid was removed from the column
for further analysis. Except for specified columns in which the influent
water was purged with nitrogen (to drive out the dissolved oxygen) or air

(to saturate the water with oxygen), all water samples passed through these
columns were air-equilibrated.

Each column study began by pumping drainage water into the bottom of a

column. The first noticeable change occurred between the iron filing layer

and the sand. A rusty orange colored layer, approximately two millimeters
in thickness, was observed in every column after a few days. The remaining
iron filings changed color slightly, from very dark brown to dull black.

Many pockets of air were observed throughout the layers of all the columns.

In the columns treating the Panoche drainage water, a bluish-green
precipitate was observed just above the iron filing layer and in the carboy

receiving the effluent flow. In addition, a substantial amount of a rusty-
colored precipitate was present on the bottom of this effluent carboy; and

the solution in this carboy was cloudy, appearing like a rusty suspension,

with an oily film on the surface. The other effluent carboys had clear

solutions with a slight rusty tint.

The technical data for six series of column experiments are reported in

Appendix A, Tables A-I-A-Vl. The highest percentage removal of selenate

occurred in distilled-deionized water which had been spiked with selenate

and thus, had no other competing ligands. These spiked "clean water"

samples had, in general, a lower pH (6.5) which also favored the adsorption
of the selenate anion. In Panoche drainage waters, selenate removal was

best accomplished also at lower pH (<7.4).

To determine whether oxidizing or reducing conditions were responsible for

the removal of selenate, the influent was purged with either nitrogen or
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oxygen. Both conditions gave equally good removal (see Table A-IV, Columns
4 and 5).

The rusty-orange layer indicated the presence of an Fe species formed at

the surface of the iron filings. Full oxidation of the iron was likely at

this stage because the water in contact with this iron was in equilibrium
with air. This layer was similar to the oxidized surface layer of lake
sediments which has been found responsible for controlling the
concentration of phosphate in lakes. Because phosphate is similar to

selenate (both are protolyzable anions) , one can expect similar chemistry
to occur in the columns as occurs naturally in lake sediments. The iron
oxyhydroxide layer in lake sediments removes phosphate by an adsorption
mechanism and would be expected to significantly affect selenium as well.

Formation of the rusty-orange layer removed some dissolved oxygen from the

influent water and left the water at a lower redox potential. Although
some Fe minerals can be very dark under certain conditions, it is much
more likely that the dull black ccjating on most of the iron filings was due
to formation of either a mixed Fe" /Fe surface species or an Fe"

species. It is suspected that the surface species was magnetite, a mixed
iron oxide which is black (Schwertmann and Taylor, 1977, p. 147), because
pure ferrous hydroxide is white and turns greenish if prepared with
somewhat oxygenated water.

A stability diagram. Figure 2, was prepared to determine the predicted iron

oxide species for these experiments. Based on equations derived from data
given in Garrels and Christ, 1965, Figure 2 was calculated from dissolved
iron concentrations in the effluents. For the experiments, (pH=6-3),
"Ferric Hydroxide" (Fe(0H)3) should be the stable solid under oxidizing
conditions only. This diagram indicates that, in time, "Ferric Hydroxide"
(iron oxyhydroxide) will develop at the interface that was exposed to

oxygenated or aerated waters. As in lake sediments, the coluun will go

anoxic in the subsequent layers if the column behaves like an inverted
sediment core.

The rusty-colored effluents present in all tests indicated that dissolution
of the iron filings occurrred also. This conclusion is supported by_ICP
measurements where dissolved Fe levels are approximately 5 ppn or 10 M.

Panaoche drain water samples also produced various precipitates in the

effluent which were not characterized. These precipitates may affect

aggregation behavior in the column.

The most convincing argument for the mechanism responsible for the removal
of selenate in the process can be seen in Figure 3. These results were
obtained by extruding the iron filing from a column (Column 6 in Table
A-IV) which was then sliced into sections and digested for selenate
analysis. Figure 3 shows that the selenate concentrated in only the lower
layer of the column where the iron oxyhydroxide layer is believed to
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Rusty Interface

Silica Sand

Glass Wool

Treated Sample

Iron Filings

(500g/200ml)

Digestion Analysis
by I.C.P.

D3 - <5.52

D2 - <5.52

ZI D1 - 39.8

Flowrate
0.6 - 0.8 ml/min

Water Flow

Figure 3: SELENIUM CONCENTRATION PROFILE OF

COLUMN 6 FROM. TABLE A-IV
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develop. Digestates from Che slices above this layer had selenium levels
Delow Che dececcion limic for Che ICP aechod.

The importance of Che chin, rusty-orange layer ac the base of che column
was confirmed by a slightly different experimenc, indicated as the sixth
column in Table A-VI. The column was set up in an identical manner as the
one for Figure 3, except that the test was stopped before the column aged
and before the iron oxyhydroxide layer could be formed. The selenium
concentrations, flow characteristics and digestate data appear in Figure 4.

The detection limits for selenium are very near 3.30 ?pm, ana the selenium
concentration is almost at this level throughout this column. It is

assumed that all sections are very nearly at this level as evidenced by

samples D4-D8 (see Figure 4). Some of the sections had concentrations of

selenium slightly above the detection limit but there was no systematic
trend in the data. It is hypothesized that, even though the column did not

set up an orange-brown, iron oxyhydroxide layer, the column still removed
selenium and did so moderately throughout its entire length. This result
is unlike the results obtained for the column shown in Figure 3 in which
the selenium is concentrated in the first layer. Removal of selenium in

the column without the iron oxyhydroxide layer is most probably due to

physical adsorption of selenate onto the surface of Che iron filings.

Comparison of che resulCs shown in Figures 3 and 4 suggests Che following .

explanacion as Co Che removal mechanism of selenace. Uncil che iron

oxyhydroxide layer is formed, all removal of selenaCe cakes place as weak
physical adsorpcion chroughouC Che column. Once che iron oxyhydroxide
layer is formed, as was shown in Figure 3, the chemical adsorption of

selenate is so strong that nearly all selenate is removed in this thin
layer. At this point, the rest of the column essentially experiences a

distilled water rinse with respect to selenium levels. The remaining
amount of selenate above the orange-brown layer is washed off of the

particles from these upper layers.

Batch-Studies

To confirm our hypothesis about strong chemical adsorption versus weaker
physical adsorption, we conducted a batch adsorption-desorption study in

which aerated and nitrogen purged filings were exposed to a 20 ppm selenate
solution. Two samples of filings were utilized: as received filings and

filings obtained from a column after exposure to water for two days. Afcer

exposing Che filings Co the selenate solution for 43 hours, the samples
were centrifuged, and Che supernacancs analyzed for selenium. The resulcs

shown in Table A-VII confirm Chac all samples which were spiked wich

selenace, for boch sources of filings, adsorb selenium. This confirms che

column results obtained in Figure 4 in that either aerated or oxygen
starved layers all remove selenium unCil che iron oxyhydroxide layer is

formed. Dark, black solids are obtained from nitrogen-treated samples and





Treated Sample

Iron Filings

(500g/200ml)

No Rusty Interface

Silica Sand

Glass Wool

Digestion Analysis
by I.C.P.

Sample [Se] (ppm)

D1 1 - <3.30

D10 - <3.30

D9 - <3.30

D8 - 3.40

D7 - 3.67

D6 - 4.77

D5 - <3.30
~ D4 - 4.05
_. D3 = <2.90
__ D2 = .1.90

_ D1 - <1.90

Water Flow

Flowrate
0.2 - 0.4 ml/min

Figure 4: SELENIUM CONCENTRATION PROFILE OF
COLUMN 6 FROM TABLE A-VI
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orange-red oxyhydroxide solids are obtained from those treated with air.
These solids were obained regardless of the type of filings utilized.

The Agglomeration of Iron Filings in the Harza Process

Based on prior pilot plant studies it was found that one of the problems
after prolonged applications of drainage waters to the iron filing beds of
the Harza process is the agglomeration of the filings ; this causes
additional head loss. Therefore the bed nust be periodically disturbed by
mechanical means in order to restore hydraulic conductivity.

The laboratory column studies behaved similarly in that the columns tended
to agglomerate in time. This agglomeration behavior did not seem to be
dependent upon the type of water stream flowing through the bed. Similar
results were obtained whether Panoche waters or distilled water spiked with
selenium were used. (It was this agglomeration that allowed us to extrude
the columns intact sectioning them into layers for chemical analysis.)

From the speciation diagram shown in Figure 2, it can be seen that in all
but the very uppermost filing layers of the Harza Process for pH 5 and
above (in column studies in an upflow mode it would be the bottom layer)
the predominant species is magnetite (Fe.O,), a ferromagnetic solid. If
the surface species formed on activated iron filings is ferromagnetic,
e.g., magnetite, then the particle aggregation mechanism might likely be
magnetic in nature. Since magnetite particles are natural magnets and iron
filings align themselves strongly in a magnetic field, it would not be
surprising to find that magnetite coated iron filings aggregate over time.
Unfortunately, the results from analytical techniques we used to probe this
problem are not sufficiently sensitive to prove this hypothesis. Much
smaller particles having a greater surface area to bulk ratio would have to
be employed to test this idea.

The oxyhydroxide layer on the top of the bed is probably unaffected by this
process since it is less than one centimeter in depth, li'hile the

agglomeration does not therefore affect the removal of selenium it does
however affect hydraulic conductivity.

If the explanation concerning magnetite is correct, then there are very few
options available for alleviating the problem. One would be to somehow
alter the iron bed conditions so that magnetite is no longer produced; but
then there is no assurance that the same level of selenate adsorption would
be attained. Another is to add some additive to the iron to keep the
particles separate; but the presence of an additive might also alter the
adsorptive characteristics of the activated iron.

This suggestion does not negate the possibility that other species are
contributing to the aggregation process. Indeed, it may be possible for a

calcite solid to precipitate and clog the column. We consider the
carbonate species to be not important for the iron speciation problem. In
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order to significantly affect this speciation carbon dioxide concentrations
would have to increase from their natural state by two to three orders of

magnitude. This could be possible if biological species generate CO^.
Studies of the biological nature of the column would be very extensive and

therefore were beyond the scope of the present study and would have to be

addressed with further research.
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Table A-I. COLUMN STUDIES: October 15 to 25, 1987

Carboy Visual Appearance [Se] (ppn) Z pH

(clarity, color, precipitation) by I.C.P.

11 transparent, colorless
El clear, faint rusty-yellow

12 cloudy, faint yellow-green,
white ppt.

E2 cloudy, rusty, dark blue-green
ppt . , oily surface

13 transparent, colorless
E3 clear, faint rusty-yellow

14 cloudy, faint yellow-green
E4 cloudy, rusty, oily surface filn

I = influent, E= effluent

Flowrate: 3-4 nl/iain. Detention Tine: ^ 30 rain.

System Sample Uater ( 20L) Sample Additions

1 Milli-Q None

2 Panoche with bleach Sodium thiosulfate ( — 1 g/L)

3 Milli-Q Sodium selenate (-~2ppra)

4 Panoche with bleach N'one

by I.C.P.





Table A-II. COLUMN STUDIES: Novenber 13 Co December 2, 1937

Carboy Visual Appearance [Se] (ppra) ", Removal pH
/column (color, clarity, etc.) by I.C.P.

11 transparent, colorless <0.190 5

CI black, rusty interface (— Zmn)* <0.190 5

El clear, faint rusty-yellow <0.190 — 5

very slight rusty ppt. (S.S. ~ 10 nig/L)

12 transparent, faint yellow, 3.094 7

slight bacterial growth 3 2 weeks
C2 black, rusty interface (— 2iam)*, 2.532 7

dark blue ppt. on top

E2 clear on top, cloudy below 2.427 21.6 7

yellow, rusty ppt. oily film

13 transparent, colorless 2.078 5

C3 Dlack, rusty interface ( — 2raa)*, <0.190 5

faint rusty ppt. on top
E3 clear, faint rusty-yellow, <0.190 >90.9 5

very slight rusty ppt. (S.S.~~10 mg/L)

I = influence, E = effluent, C = column

Flowrate: —0.4-1.0 ml/min (average = 0.6 ml/tain)

Detention time: — 3-5 hours (average = J. 5 hours)

System Sample water Sample Additions
1 Milli-Q None

2 Panoche (no bleach) None

3 Milli-Q Sodium selenate ( 2ppa)

* Water sample taken from a distance of approximately 2mm above the top of

iron filings
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Table A-III. COLUMN STUDIES: December 19 to January 2, 1988, (and later*)

Carboy Visual Appearance
(color, & oxygenated, etc.)

[Se] (?pm)

by I.e. P.

7

Removal
pH

II

El

transparent, colorless <0.190

^20 C: 80% 0^ Sat. (7.00 mg/L)

clear, faint rusty-yellow, <0.190
slight rusty ppt. (S.S. >10 rag/L)

12 transparent, faint yellow-green 4.119

E2 cloudy, blue-green, xs. blue ppt. 2.890

oily film
29.8

8.1

8.2

13

E3

14

E4

15

E5

16

E6

transparent, colorless 2.786 6

clear, faint rusty-yellow <0.190 93.2 6

slight rusty ppt. (S.S. >10 mg/L)

transparent, colorless, bubbles <0.190 6

@20 C: 7% 0^ Sat. (0.55 mg/L)

clear, faint rusty-yellow, slight <0.190 — 6

rusty ptt. (S.S. >10 mg/L)

transparent, colorless, bubbles <0.190 6

(520 C: 200% 0^ Sat. (>10 mg/L)

clear, faint rusty-yellow, slight <0.190 - 6

rusty ppt. (S.S. >10 mg/L)

transparent, colorless 3.132 6.1

clear, faint rusty-yellow, rusty <0.190 >93.9 7.5

ppt. -larger particles

influent, E = effluent

System Sample VJater

I*





Table A-IV. COLUt-lN STUDIES: January 12 co 19 1988*

Carboy Visual Appearance [Se]

(clarity, precipication, etc.) by

(ppa)

I.e. P. Renoval
oH

II

CI

El

12

C2

E2

13

C3

E3

14

C4

E4

15

Cranparent, colorless
black, rusty interface
no change from Table III

transparent, faint yellow-green
black, blue ppt. on top, rusty layer
cloudy, rusty-yellow, rusty ptt., I

oily film, si. blue ppt.

transparent, colorless
black, rusty interface
no change from Table III

transparent, colorless,
( - 7% 0^ Sat.)

black, rusty layer
clear, faint rusty-yellow, si. ppt. <0.

transparent, colorless, 2.

<0.190





Table A-V. COLU^IN STUDIES: March 4 co Ilarch 14, 1'

Carboy Observations [SE] (ppra) from I.C.P, % Removal

14





TABLE A-VII. BATCH STUDIES: SepCenber 13 to 23, 19J

BotCle Observacions [SE] (pprn) fron I.C.P. 7„ Removal

BO,

UO,

AO,

BN,

UN.

AN,

transparent 22.84

rusty slurry 0.594

rusty slurry 0.766

transparent 22.95

black slurry 1.095

dark brown slurry 0.811

97.0

96.6

95.2

96.5

Bottle

BO,

UO,

AO,

BN,

UN,

AN,

Sample Water

Milli-Q w/Se 20 ppn

Milli-q w/Se 20ppci

Ililli-Q w/Se 20ppm

Milli-Q w/Se 20ppa

(Nitrogen-flushed)

Milli-Q w/Se 20ppn

(Nitrogen- flushed)

Milli-Q w/Se 20ppin

(Nitrogen- flushed)

Volume Iron Filings VJeight

150 ml

150 ml

150 ml

150 ml

150 ml

Unactivated (raw) 10 g

Activated (column) 10 g

none —

Unactivated (raw) 10 g

150 ml Activated (column) 10 g
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